N atural killer T cells are a distinct lineage of T lymphocytes that express a subset of surface receptors also found on NK cells and that recognize glycolipid Ags presented by the nonpolymorphic MHC class I-related protein CD1 (1) . In mice, most NKT cells in the thymus and periphery express an invariant V␣14-J␣18 TCR rearrangement that is preferentially associated with V␤8, V␤7, or V␤2 (2) . These invariant NKT (iNKT) 3 cells expressing the V␣14-J␣18 TCR can be distinguished from other populations of NKT cells by their capacity to bind to the glycolipid ␣-galactosylceramide (and other closely related lipids) when presented by CD1 (3, 4) . iNKT cells possess a partially activated (effector/memory) phenotype, evidenced in part by their capacity to rapidly secrete cytokines following stimulation (5) . This rapid cytokine response allows iNKT cells to function in a regulatory capacity to direct the course of a developing immune response and has been suggested as a means by which iNKT cells may function to suppress or exacerbate autoimmunity (6, 7) .
iNKT cells originate in the thymus via a developmental pathway dependent on a unique set of factors and conditions distinct from those required for conventional ␣␤TCR T cell development. Deficiencies in the cytokine IL-15, the transcription factors NF-B p50, RelB, and T-bet, the signaling molecule fyn, and the signaling adaptor SAP all impinge more significantly on thymic development of iNKT cells than on conventional ␣␤TCR T cells (8 -17) . Additionally, while conventional ␣␤ T cells are positively selected by MHC-expressing thymic stromal cells, iNKT cells are selected on CD1d-expressing CD4 ϩ CD8 ϩ double-positive (DP) thymocytes (18 -20) . Positively selected iNKT cells mature further in the thymus in a series of steps that results in altered cell surface phenotype, including acquisition of memory cell markers and the capacity to rapidly secrete both IL-4 and IFN-␥ when stimulated (21, 22) . Although both conventional ␣␤TCR T cells and iNKT cells are derived from DP precursors (23) (24) (25) , the post-DP maturation of thymic iNKT cells is unique in that it is accompanied by a proliferative burst resulting in a massive expansion of this population (21) .
These aspects of iNKT cell development suggested that the signaling requirements for differentiation of this lineage might differ from those of conventional T cells, and that differences might include the requirements for costimulatory signaling during thymic development. The proliferative burst that accompanies maturation of lineage-committed TCR␣␤-expressing iNKT cells is unique to this population, and the specific signaling requirements for this expansion as well as the acquisition of a memory cell-like phenotype have not been elucidated. We considered the possibility that the B7-CD28 interactions that are critical to the expansion, differentiation, and survival of peripheral T cells might be required for optimal intrathymic development of iNKT cells. Additionally, we were interested in determining whether the restricted TCR repertoire of iNKT cells might render this population highly sensitive to *Experimental Immunology Branch, alterations in strength of CD28 costimulatory signals. Although development of conventional ␣␤TCR thymocytes appears largely intact in the absence of CD28 signaling (26, 27) , defects in development have been found when examining discrete populations of thymocytes. We recently demonstrated that the absence of CD28 significantly alters selection of HY-TCR ϩ thymocytes (28) , and several groups have described the loss of thymic CD4 ϩ CD25 ϩ regulatory T cells in the absence of CD28-B7 interactions (29 -31) .
To assess the role of CD28-B7 interactions during iNKT cell development, we evaluated development of iNKT cells in mice lacking CD28 or both B7.1 and B7.2 (CD80/CD86 double knockouts (B7 DKO)) as well as in mice expressing elevated levels of these costimulatory molecules. Interestingly, we found that thymic iNKT cell numbers were significantly reduced in the absence of B7-CD28 interactions, and that this effect is mediated at stages subsequent to initial selection into the iNKT cell lineage. Furthermore, analysis of mixed chimeras made by reconstituting irradiated mice with CD28 wild-type (WT) and CD28 knockout (KO) bone marrow demonstrated that optimal development of thymic iNKT cells was dependent on both cell-autonomous and non-cellautonomous functions of CD28. Paradoxically, elevated expression of either thymic CD28 or B7 in transgenic mice failed to restore, and in the case of B7 actively inhibited, iNKT cell development in mice of the respective CD28 or B7 KO background. Overall, our results indicate that physiologic levels of B7-CD28 interactions are critical for the unique events involved in iNKT cell development in the thymus.
Materials and Methods

Reagents
Anti-CD4, CD8, CD45.1 (Ly5.2), CD45.2 (Ly5.1), CD69, CD3, IFN-␥, IL-4, NK1.1, CD24, CD45, CD11c, and V␤2 (B20.6), V␤7 (TR310) and V␤8 (MR5-2) Abs were purchased from BD Pharmingen. Anti-B7.2 (GL1) Ab was generated as previously described (32) . Ulex europaeus agglutinin (UEA)-1 was purchased from Vector Laboratories. Mouse PE-conjugated CD1d tetramer unloaded or loaded with PBS-57, an analog of ␣-galactosylceramide ligand (33) , was supplied by the National Institutes of Health Tetramer Facility. CD1d tetramer loaded with PBS-57 is referred to as CD1tet.
Mice
C57BL/6 (B6), B6.Ly5.2, and B6.Ly5.1/Ly5.2 mice were obtained from the Frederick Cancer Research Facility (Frederick, MD) and maintained at Bioqual (Rockville, MD). CD28 KO mice on a B6 genetic background were obtained from The Jackson Laboratory and maintained at Bioqual. B6 mice deficient in both B7.1 and B7.2 (B7 DKO) on a B6 genetic background (34) and B7.2 line 7 transgenic (Tg) (35) were previously described. The CD28 Tg lines CD28.WT high (expressing high levels of WT CD28), CD28.TL high (expressing high levels of CD28 with deleted cytoplasmic domain), CD28.WT low (expressing physiologic low levels of WT CD28), and CD28.TL low (expressing physiologic low levels of CD28 with deleted cytoplasmic domain) were generous gifts of Ryo Abe (CD28 high , (36) ) and Alfred Singer (CD28 low , (30) ) and were maintained on an endogenous CD28 KO B6 background. The line I2 and E4 B7 Tg lines were made using cytoplasmic domain-deleted B7.2 and B7.1, respectively. Cytoplasmic domain-deleted B7.1 and B7.2 cDNAs were made as previously described (37) and were cloned into the EP⌬hGH vector containing the EP Ig-promoter-enhancer and a mutated nonexpressible segment of the human growth hormone gene, included to enhance expression of the transgene (38) . The line T59 Tg line was made using a previously described construct (37) in which the full-length B7.2 cDNA was cloned into the expression vector LK444B7 containing the human ␤-actin promoter and an SV40 polyadenylation signal. Fragments containing the EP Igpromoter-enhancer, hGH, and the inserted B7 cDNAs (lines I2 and E4) or the human ␤-actin promoter, SV40 polyadenylation signal and inserted B7 cDNA (line T59) were excised from the plasmid backbone and were microinjected into fertilized B6 oocytes. Founder mice were identified by Southern blot of DNA obtained from tail tissue. The I2, E4, and T59 Tg lines were maintained by crossing with B7 DKO mice on a B6 background, and progeny were screened for the presence of the B7 Tg by staining peripheral blood lymphocytes with anti-B7.1 or anti-B7-2 mAb. Details of the constructs used for the individual Tg lines are described in Table I .
Cell preparations and FACS analysis
Single-cell suspensions were prepared from thymus, spleen, and liver and resuspended in FACS buffer (0.2% BSA and 0.01% sodium azide in HBSS without phenol red). Hepatic leukocytes were isolated from livers perfused with PBS and gently passed through a 70-m cell strainer. Total liver cells were washed once in RPMI 1640 medium with 5% FCS then resuspended in 40% isotonic (1 part 10ϫ PBS, 9 parts Percoll) Percoll underlaid with 60% isotonic Percoll. Following centrifugation for 30 min at 800 ϫ g, liver leukocytes were recovered from the 40%/60% Percoll interphase and washed once in RPMI 1640 medium with 5% FCS. Thymic stromal cell preparations from control and B7 Tg mice were made by digestion with Liberase 1 at 1 U/ml plus DNase 1 (Roche) in four sequential incubations at 37°C. Reactions were stopped by addition of FCS to 20%, and remaining tissue was disrupted by passage through a 25-gauge needle. Cells were washed twice and then used for staining. Staining for iNKT cells was performed by incubating cells with CD1tet for 45 min at 4°C. Cells were then washed and incubated with anti-FcR mAb 24G2 (to prevent FcRmediated binding) and FITC-, APC-, and biotin-labeled mAbs for 30 min. Following extensive washing, cells were incubated with streptavidinPerCP conjugate. Data were collected using a FACSCalibur or FACSAria flow cytometer and analyzed using either CellQuest (BD Biosciences) or FloJo (Tree Star) FACS analysis software.
Enrichment of CD1tet
ϩ thymocytes
Thymocytes were enriched for CD1tet-binding cells by two different methods. For analysis of heat-stable Ag (HSA) high thymic iNKT cells, CD1tet-binding cells were enriched by incubating thymocyte cell suspensions with PE-conjugated CD1tet followed by enrichment with anti-PE magnetic microbeads (Miltenyi Biotec) following the manufacturer's instructions. The V␤ repertoire of thymic iNKT cells was assessed using CD8-depleted thymocytes prepared by incubating thymocyte cell suspensions with anti-CD8 microbeads (Miltenyi Biotec) following the manufacturer's instructions.
Cytokine assay
Thymocytes plated at 2 ϫ 10 6 cells/ml were stimulated with PMA (200 ng/ml) and ionomycin (300 ng/ml) for 5 h. Cells were stained with PEconjugated CD1tet as described above and processed for intracellular cytokine staining according to the manufacturer's protocol (Fixation/Permeabilization kit with GolgiStop; BD Biosciences). Cells were stained with anti-IFN-␥-FITC and anti-IL-4-allophycocyanin for 30 min at 4°C.
Generation and analysis of radiation bone marrow chimeras
Radiation bone marrow chimeras were prepared as described (39) . Chimeras were generated by reconstituting lethally irradiated (950 rad) B6.Ly5. KO/WT NKT cells to CD28 KO/WT total thymocytes were performed using standard linear regression methods to determine the simplest model that adequately described the data.
Results
Thymic iNKT cell development is impaired in CD28 KO and B7 DKO mice
To determine whether the B7-CD28 costimulatory pathway is critical to thymic NKT cell development, frequencies and numbers of thymic NKT cells from 7-12-wk-old CD28 KO and B7 DKO mice were compared with wild-type littermate controls using NK1.1 as a marker for NKT cells. We found a significant decrease in both the number and frequency of CD3 ϩ NK1.1 ϩ thymic NKT cells in both CD28 KO and B7 DKO mice relative to littermate controls (Fig. 1) . Thymic NKT cells become detectable ϳ8 days after birth and increase in frequency thereafter (22) . To further assess differences in thymic NKT frequencies in B7 DKO, CD28 KO, and WT mice we determined the frequencies of thymic iNKT cells at various time points after birth using CD1tet (33) , which permits the assessment of iNKT cell frequencies independent of acquisition of the NK1.1 marker, a relatively late event in NKT cell maturation (40, 41) . As shown in Fig. 2 , B and C, there is a substantial decrease in the numbers and frequency of thymic iNKT cells in CD28 KO and B7 DKO mice relative to WT mice at all ages examined. Although the proportion of CD3 ϩ cells in the periphery of WT and CD28 KO mice at all ages examined were comparable (data not shown), reductions in iNKT cell frequencies similar to those observed in the thymus are seen in the spleen and liver of young (3-5-wk-old) CD28 KO mice relative to age-matched WT mice (Fig. 3 ). The differences observed between peripheral populations of iNKT cells in KO and WT mice become less significant with age (6 -12 wk; Fig. 3 ), suggesting that there may be differences in factors that act to drive expansion or survival of peripheral vs thymic iNKT cells. Because peripheral iNKT cells originate in the thymus (21, 23, 24) we have focused our studies on requirements for B7-CD28 interactions during differentiation of thymic iNKT cells. 
FIGURE 2.
Decreased number and frequency of iNKT thymocytes with aging in CD28 KO and B7 DKO mice. Thymocytes from WT, CD28 KO, and B7 DKO mice were harvested at the indicated number of weeks after birth and stained with anti-CD3 and CD1tet. A, Representative flow cytometry dot plots for WT and B7 DKO mice at 8 wk. B and C, Thymocytes from a minimum of 3 mice per strain at each age were analyzed as shown in A. With the exception of CD28 KO iNKT cell frequency at 3 wk, where only 3 mice per group were analyzed, thymic NKT cell numbers and frequencies in CD28 KO and B7 DKO mice are statistically different from those in wild-type mice (p ranging from Ͻ0.05 to Ͻ0.005) at all time points using an exact Wilcoxon rank sum test.
The defect in thymic iNKT cell development in CD28 KO and B7 DKO mice is postselection
The deficiency in thymic iNKT cell numbers could reflect a deficiency in selection of cells into the iNKT cell developmental pathway and/or a defect at subsequent stages of maturation and expansion. The earliest discernable population of iNKT cells present in the thymus are CD1tet ϩ HSA high thymocytes that, like HSA high CD69 ϩ CD4 and CD8 single-positive (SP) thymocytes, are thought to represent cells that have been recently positively selected (40) . Although most CD1tet ϩ thymocytes are HSA high in 3-4-day-old mice, these levels drop to Ͻ1% of CD1tet ϩ cells by 2 wk of age (40) . To assess whether B7-CD28 costimulation is involved in positive selection into the iNKT cell lineage, we determined the frequency of CD1tet ϩ HSA high thymocytes in 3.5-4.5-wk-old WT, CD28 KO, and B7 DKO mice. To assess the frequency of this rare population, we first enriched for iNKT thymocytes using a CD1tet-based magnetic bead cell sorting strategy. As a control, we performed the CD1tet enrichment procedure on thymocytes from mice lacking CD1 (␤ 2 -microglobulin KO). As observed previously by Benlagha et al. (40), we find that CD1tet ϩ HSA high cells are absent from mice that do not express CD1 (Fig. 4A ). When we compared the frequency of HSA high iNKT cells in the CD1tet-enriched total iNKT cell populations from WT, CD28 KO, and B7 DKO mice, we observed an increased frequency in the knockout relative to wild-type mice (Fig.  4A ). When the frequency of CD1tet ϩ HSA high iNKT thymocytes ( Fig. 4B) is combined with the thymic iNKT cell frequency in knockout and wild-type mice (Fig. 4A ) to calculate the frequency of CD1tet ϩ HSA high iNKT cells per thymus, this overall frequency is comparable among the B7 DKO, CD28 KO, and WT mice (Fig.  4C ). Taken together, these findings indicate that CD28 costimulation is not involved in the positive selection of this earliest HSA high iNKT cell population. Thus, at the level of iNKT cell positive selection, the requirements for signal 1 through TCR and signal 2 through CD28 can be dissociated; positive selection fails to occur in the absence of CD1 (23, 40, 42) but occurs with equal efficacy in the presence and absence of B7-CD28 interactions.
B7-CD28 interactions are required for efficient maturation of thymic iNKT cells
Once committed to the iNKT cell lineage, iNKT cells progress through a series of distinct maturation steps that have been defined by cytokine expression potential as well as expression of cell surface markers including NK1.1, CD69, and CD4. NK1.1 has been FIGURE 3. Decreased iNKT cell frequency in periphery of young (3-5-wk-old) mice. Spleen and liver cells from WT and CD28 KO mice were harvested at the indicated ages (young mice, 3-5 wk old; old mice, 6 -12 wk old) and stained with anti-CD3 and CD1tet (spleen) or anti-CD45, anti-CD3, and CD1tet (liver). Data shown represent mean Ϯ SE for each group (minimum of 9 mice per group). Spleen and liver NKT cell frequencies in young CD28 KO mice are statistically different from those in young WT mice using an exact Wilcoxon rank sum test (p Ͻ 0.005).
FIGURE 4.
HSA high CD1tet ϩ thymocytes are present at comparable levels in WT and CD28 KO mice. A, Representative flow cytometry dot blots showing frequencies of HSA high CD1tet ϩ thymocytes in WT, CD28 KO, B7 DKO, and ␤ 2 -microglobulin KO mice. CD1tet-enriched thymocytes were stained with anti-HSA, CD1tet, anti-CD3, and anti-NK1.1. CD1tet ϩ -gated thymocytes (left panels) were examined for expression of HSA and NK1.1 (right panels). B, iNKT cell frequencies in WT, CD28 KO, and B7 DKO thymocytes before CD1tet enrichment. C, Frequency of HSA high CD1tet ϩ thymocytes in WT, CD28 KO, and B7 DKO mice. Data shown in B and C represent means Ϯ SE of five separate experiments each using mice at 3.5-4.5 wk with n ϭ 3-5 mice per strain for each experiment. B7 DKO mice were evaluated in only two of the five experiments, thus precluding statistical analysis. Thymic iNKT cell frequencies in CD28 KO mice are statistically different from those in wild-type mice using an exact Wilcoxon rank sum test ‫,ء(‬ p Ͻ 0.05).
demonstrated to be a marker of relatively more mature iNKT cells (43) . Immature iNKT cells are NK1.1 Ϫ and CD4 ϩ ; as these cells mature, they acquire NK1.1, and a fraction of the NK1.1 ϩ cells lose expression of CD4 to become double negative (22, 40, 41) . When tetramer-positive cells from 4 -5-wk-old WT, CD28 KO, and B7 DKO mice were compared for expression of NK1.1 and CD4, iNKT cells from the knockout mice had a less mature phenotype: comparable frequencies of the most immature NK1.1 Ϫ , CD4 ϩ iNKT cells were observed in wild-type and knockout mice, while the frequencies of more mature CD4 Ϫ NK1.1 ϩ and CD4 ϩ NK1.1 ϩ iNKT cells were lower in the knockout relative to wild-type mice (Fig. 5A) (41) . When CD69 expression was examined on thymic iNKT cells in wild-type and knockout mice, a significant decrease in the frequency of NK1.1 ϩ iNKT thymocytes expressing CD69 was observed in CD28 KO and B7 DKO mice relative to WT mice, again consistent with a less mature phenotype of these knockout iNKT thymocytes (Fig. 5B) . Expression of NK1.1 on peripheral iNKT cell populations in the spleen and liver was not significantly different between WT and CD28 KO mice at all ages examined (data not shown). Thus, even in young animals (4 -6 wk old) where peripheral iNKT cells are significantly reduced in CD28 KO relative to WT mice, differences in maturation as reflected by NK1.1 expression were not consistently observed, perhaps reflecting the recent finding that a significant proportion of NK1.1 Ϫ iNKT cells in the periphery are a stable, mature population distinct from thymic NK1.1 Ϫ iNKT cells (44) . Unlike most thymic T cells, NKT cells are capable of responding to initial in vitro TCR stimulation by rapidly synthesizing and releasing cytokines, including IFN-␥ and IL-4. The relative levels of IFN-␥ and IL-4 expressed in iNKT cells have been found to correlate with developmental stage such that cells are skewed toward IL-4 production early in development and toward IFN-␥ later in development (21, 41) . To test the hypothesis that knockout iNKT thymocyes would be less mature by functional phenotype, similar to the relative immaturity demonstrated by cell surface markers, the cytokine-producing potential of thymic iNKT cells was determined. This was accomplished by stimulating thymocytes from 4 -5-wk-old CD28 KO and WT mice for 5 h in vitro with PMA and ionomycin and detecting intracellular cytokine production by flow cytometry. When the relative proportions of thymic iNKT cells producing cytokine were assessed, a reduction in frequency of IFN-␥-producing cells as well as IFN-␥-and IL-4-producing cells was observed in the CD28 KO mice relative to WT mice (Fig. 5C ), consistent with a less mature functional phenotype of iNKT cells in the absence of B7-CD28 interactions. Taken together, the data characterizing selection and maturation of thymic iNKT cells in WT, CD28 KO, and B7 DKO mice support the conclusion that, in the absence of B7-CD28 interactions, initial selection into the iNKT cell lineage is unimpaired while the subsequent maturation of this population is compromised.
Cell-autonomous and non-cell-autonomous roles for CD28 in thymic iNKT cell development
The observed effects of altered CD28/B7 costimulation on iNKT cell development could reflect cell-intrinsic requirements for signaling through CD28 receptors on developing NKT cells and/or they could reflect an indirect effect of CD28 signaling in the thymus. To determine whether the observed defect in iNKT cell number is cell autonomous, mixed bone marrow chimeric mice were constructed by transferring an equal mix of T cell-depleted bone marrow cells from WT and CD28 KO mice into irradiated WT recipients. Mixed chimeras analyzed 6 -10 wk postreconstitution demonstrated an overall balanced chimerism, although chimerism in individual mice ranged from 1:3 to 3:1 (WT:KO). In the thymus, the percentage contribution of each donor to CD4 ϩ SP, CD8 ϩ SP, NKT (NK1.1 ϩ ), and CD4 ϩ CD25 ϩ (T regulatory) cells was assessed by gating on each donor population and then determining the frequency of the population of interest within that donor population. On the basis of previous studies, frequencies of CD4 ϩ SP and CD8
ϩ SP from WT and CD28 KO donors were expected to be equivalent, while in contrast it was expected that T regulatory thymocytes would be selectively derived from CD28 WT, not CD28 KO, donors (30) . Fig. 6A shows that the frequencies of CD4
ϩ SP thymocytes in the CD28 WT and CD28 KO donor-derived populations were similar, consistent with CD28 being dispensable for conventional T cell development, as previously reported (26, 27) . CD8 ϩ SP thymocytes from the two donors have very similar means but, in a paired statistical analysis, the frequency of CD8 ϩ SPs in the CD28 KO donor-derived thymocyte population is significantly higher than in the CD28 WT-derived population. Additional insight into this difference will require further analyses to determine whether the difference resides in the CD8 ϩ SP immature (ISP) or mature population. In contrast to CD4 ϩ SP and CD8 ϩ SP cells, the frequency of CD4 ϩ CD25 ϩ thymocytes in the CD28 WT donor-derived population was several-fold higher than in the CD28 KO donor population, in keeping with the previously FIGURE 6. Cell-autonomous and non-cell-autonomous roles for CD28 signaling during iNKT cell development. CD28 WT-CD28 KO mixed chimeras were made by reconstituting lethally irradiated B6.Ly5.2/Ly5.1 host mice with equal numbers of bone marrow cells from B6.Ly5.2 (CD28 WT) and B6.Ly5.1 (CD28 KO) mice. Thymocytes were analyzed 6 -10 wk after reconstitution. Analyses of cell populations deriving from CD28 WT and CD28 KO donors were made by gating on each donor-derived population and determining the frequency of either CD4 SP, CD8 SP (A), CD4 
CD25
ϩ and NKT thymocytes in the CD28 KO donor population is statistically different from that in the CD28 WT donor by a Wilcoxon signed rank test ‫,ء(‬ p Ͻ 0.05; ‫,ءء‬ p Ͻ 0.005; ‫,ءءء‬ p Ͻ 0.0005). F, A simple linear regression model for a straight line shows a significant correlation (r 2 ϭ 0.64) between overall chimerism and the relative frequencies of NKT thymocytes within CD28 WT and CD28 KO donor populations.
described role of CD28 costimulation in differentiation of this population of cells (Fig. 6B) (29, 30) . Interestingly, when NKT cell populations were examined, the frequency of NKT cells was significantly higher in the CD28 WT donor-derived population relative to the CD28 KO donor population (Fig. 6C) . However, when the frequencies of CD4 ϩ CD25 ϩ and NKT thymocytes within the CD28 WT and CD28 KO donor populations were examined in individual chimeras, it was apparent that there was greater variability in the relative frequencies of NKT thymocytes (Fig. 6, D  and E) . Overall, roughly a third of the chimeras showed similar frequencies of thymic NKT cells in both donors while the remaining two-thirds had higher frequencies in the CD28 WT relative to the CD28 KO donor (Fig. 6E) . To probe the basis for this heterogeneity among individual chimeric mice, we plotted the ratio of NKT cell frequencies from each donor as a function of the ratio of the CD28 KO to CD28 WT donor contribution to the total thymocyte population. When analyzed in this way, we noted a significant correlation between overall thymocyte chimerism and the NKT cell frequency within each donor population (adjusted r 2 ϭ 0.64, p ϭ 0.001 for the slope parameter) (Fig. 6F) . When the ratio of CD28 KO to WT thymocytes was high in a given chimera, that is, when there were relatively few CD28 WT thymocytes present, the relative frequency of CD28 KO NKT cells was low, representing evidence of a cell-autonomous defect in generation of CD28-deficient NKT cells. In contrast, when the ratio of CD28 KO to WT thymocytes was low, the efficiency of NKT cell generation was similar in CD28 KO and WT cells, indicating that a non-cellautonomous mechanism was capable of supporting generation of CD28-deficient NKT cells under these conditions. Additional experiments assessing CD1tet ϩ iNKT cells generated similar results (data not shown), indicating that CD28 mediates both cell autonomous and nonautonomous functions in iNKT cell development.
Overexpression of CD28 or B7 on thymocytes leads to diminished iNKT cells
Although the selection process for iNKT cells in the thymus is not fully understood, several reports have suggested that these cells can be subject to negative selection in the presence of high levels of CD1d agonist ligand (45, 46) . Thus, while CD1d is clearly critical for development of iNKT cells, as the iNKT cell population is absent from CD1d-deficient animals, excess expression of CD1d can apparently result in negative selection of this same population. This strict dependence on ligand density may be related to the very restricted TCR repertoire of the iNKT cell population. We were FIGURE 7. Differential reconstitution of iNKT thymocytes in mice expressing CD28 transgenes at low and high levels. A, Thymocytes from 9 -10-wk-old WT, CD28 KO, CD28.WT low , and CD28.TL low mice were stained with CD1tet, anti-CD3, and anti-NK1.1 and analyzed by flow cytometry. B, Thymocytes from 6 -7-wk-old WT, CD28 KO, CD28.WT high , and CD28.TL high mice were stained with CD1tet, anti-CD3, and anti-NK1.1 and analyzed by flow cytometry. Data shown represent means Ϯ SE of at least 3 mice in each group. Thymic iNKT cell frequencies in CD28.WT high mice are statistically different from those in wild-type mice using an exact Wilcoxon rank sum test ‫,ء(‬ p Ͻ 0.05). therefore interested in determining whether development of iNKT cells would be similarly sensitive to variation in levels of CD28 and its ligand B7. To accomplish this, we analyzed CD28 KO and B7 DKO mice expressing varying levels of CD28 and B7.2 transgenes, respectively. We hypothesized that a strong costimulatory signal, in combination with TCR signaling by antigenic ligand, may also be capable of modulating the balance of positive and negative selection in the iNKT cell compartment, and that increased CD28 signaling might therefore result in decreased NKT cell development. To test this hyphothesis, we analyzed transgenic lines expressing CD28 at low and high levels as well as four transgenic lines expressing variable amounts of B7.1 or B7.2 on thymocytes. In all transgenic lines studied, the major thymocyte subpopulations, double negative, double positive, CD4 SP, and CD8 SP, were present at similar frequencies to those of wild-type control animals (data not shown). We first examined iNKT cells in two CD28 WT Tg lines: CD28.WT low , which expresses WT CD28 at levels comparable to those of endogenous CD28 (30), and CD28.WT high , which expresses WT CD28 at levels roughly 20-fold the endogenous level (36) . We found that the frequency of thymic iNKT cells in the CD28.WT low Tg line was comparable to that of wild-type mice, demonstrating that restoring a physiologic level of CD28 expression to CD28 KO mice rescued efficient development of iNKT cells (Fig. 7A) . In contrast, the frequency of thymic iNKT cells was decreased relative to wild-type mice in the CD28.WT high Tg line (Fig. 7B) . Thymic iNKT cells were not restored in CD28 Tgs expressing either low or high levels of a truncated CD28 Tg (CD28 TL), indicating that the cytoplasmic domain of CD28 plays an essential role in mediating CD28 function in iNKT cell development. To determine whether expression of transgenic B7 molecules would alter thymic iNKT cell development, we assessed thymic iNKT cell numbers in mice expressing varying levels of transgenic B7.1 and B7.2. We found that mice expressing high levels of transgenic B7.1 or B7.2 ( Fig. 8) had dramatically reduced numbers of thymic iNKT cells, even relative to the levels in completely B7-deficient mice (Fig. 9A) . Interestingly, this reduction in thymic iNKT cells correlated with expression of transgenic B7 on thymocytes, and not with expression on CD45 Ϫ cells (including UEA ϩ medullary epithelial cells) or dendritic cells in the thymus. This is most clearly illustrated in the line E4 Tg where B7.1 Tg expression is elevated relative to endogenous B7.1 on most CD45 ϩ cells but is expressed at levels lower than endogenous B7.1 on dendritic cells (Fig. 8, A and B) . The inhibitory effect of B7 Tg expression on thymic iNKT cell development does, however, require CD28 expression, as expressing each of these B7 Tgs on a CD28 KO background resulted in numbers of NKT cells comparable to those of CD28 KO mice and greater than numbers observed in B7 Tgs on a WT CD28 background (Fig. 9B) . The absence of NKT cells in the B7 Tg lines thus results from interactions of the B7 Tg with CD28 and not from other, unanticipated effects of the high level of B7 expressed. Additionally, the reduction in thymic iNKT cell frequency does not require the cytoplasmic portion of the B7 molecule, as both the full-length and truncated B7 Tg lines showed reduced thymic iNKT cell frequencies.
It has been previously demonstrated that iNKT cells in mice overexpressing a CD1d Tg are subject to negative selection and that those iNKT cells that do persist have an altered pattern of TCR V␤ expression compared with that observed in wild-type mice. To determine whether the surviving iNKT cells in B7 Tgs expressed an altered pattern of TCR V␤ expression, we examined V␤ expression on iNKT cells in the B7.2 Tg line T59, in which deletion of iNKT cells is not complete. As shown in Fig. 10 , we find that while iNKT thymocytes in line T59 do preferentially use V␤2, V␤7, and V␤8, the relative expression of these V␤s is altered relative to wild-type thymic iNKT cells; in particular, we observed a significant decrease in the proportion of thymic iNKT cells expressing V␤7 and an increase in thymic iNKT cells expressing V␤2 in line T59 relative to both WT B6 and B7 DKO mice. Interestingly, despite the clear defects in development of thymic iNKT cells in the absence of B7-CD28 interactions, we do not find significant differences in V␤ usage when comparing thymic iNKT cells in WT and B7 DKO mice. Overall, these results indicate that maintenance of physiologic levels of CD28 and B7 are critical for normal development of thymic iNKT cells.
FIGURE 9.
Effect of B7 transgene expression on iNKT cell development. A, Thymocytes from 9 -11-wk-old WT, B7 DKO, and B7 Tg mice were stained with CD1tet, anti-CD3, and anti-NK1.1 and analyzed by flow cytometry. All B7 Tg lines are on a B7 DKO background. B, Thymocytes from 9 -10-wk-old littermates from backcrosses of each of three B7 Tg lines (lines I2, E4, and 7) to CD28 KO mice were stained with anti-CD3 and anti-NK1.1. The CD28 WT (CD28 ϩ/Ϫ ) and CD28 KO (CD28 Ϫ/Ϫ ) groups represent transgene-negative littermates from the three crosses. The B7 Tg/CD28 KO group represents pooled data from B7 Tg lines I2, E4, and 7 on a CD28 Ϫ/Ϫ background. Data shown are the means Ϯ SE of 3 mice in each group (except for B, CD28 WT, where n ϭ 2).
Discussion
We have analyzed iNKT cell populations in wild-type mice and in mice deficient in the B7-CD28 costimulatory pathway and have found a unique role for CD28 signaling in thymic development of these cells. CD28 KO and B7 DKO mice display a 50 -75% reduction in the frequency and absolute numbers of thymic iNKT cells. This reduction in iNKT cell development is observed early in postnatal life, and these differences persist through adult life. By assessing cell surface markers associated with maturation of iNKT cells, we have demonstrated that, at all ages examined, thymic iNKT cell populations present in CD28 and B7 DKO mice are skewed toward a less mature phenotype than those present in wild-type mice. These results demonstrate that physiologic levels of CD28 signaling are required for optimal expansion and maturation of thymic iNKT cells. Peripheral iNKT cell populations are decreased in CD28 and B7 KO mice relative to wild-type mice in young (4 -6-wk-old) mice, but these differences become undetectable as the mice age, perhaps reflecting differences in factors driving expansion/proliferation of iNKT cells in thymic and peripheral compartments. In young mice, peripheral populations of iNKT cells may more directly reflect maturation of recently exported thymic iNKT cell precursors, a process we have demonstrated to be dependent on CD28 signaling, while in older animals homeostatic mechanisms, perhaps less dependent on CD28, may be critical determinants of iNKT cell numbers.
Results of mixed bone marrow chimeras revealed cell-autonomous as well as non-cell-autonomous roles for CD28 in the development of thymic iNKT cells. The requirement for cell-autonomous expression of CD28 was evident in chimeras in which the CD28 KO donor predominated over the wild-type donor. In these animals, the frequency of CD28 KO iNKT cells was not rescued by the presence of wild-type thymocytes. In contrast, chimeras in which the wild-type donor predominated had similar frequencies of iNKT cells within each donor population. We interpret these findings to suggest that when wild-type thymocytes dominate in the thymus, sufficient levels of B7-CD28 signaling are achieved to allow an indirect effect on development of iNKT cells. CD28 signaling could function indirectly via production of cytokines and other growth factors and/or up-regulation of cell surface molecules that can rescue efficient development of CD28-deficient iNKT cells. In chimeric thymi in which CD28-expressing thymocytes are less frequent, indirect effects of CD28 signaling on iNKT cell development are minimized, and the cell-autonomous function of CD28 in promoting iNKT cell development is evident. These results are in contrast to the role described for CD28 signaling in the generation of CD4 ϩ CD25 ϩ T regulatory cells in the thymus where, under the conditions tested, no role for non-cell-autonomous CD28 signaling was found (Ref. (30) and our own data).
To determine whether the compromised development of iNKT cells in the absence of B7-CD28 interactions is due to a failure to efficiently positively select these cells into the iNKT cell lineage and/or results from a failure of iNKT cells to expand and mature subsequent to initial selection, we compared the frequencies of HSA Ϫ , and CD4 ϩ , and we find that the frequency of these NK1.1 Ϫ CD4 ϩ iNKT thymocytes is also not significantly different between WT, CD28 KO, and B7 DKO mice. It is only as iNKT cells mature further to become NK1.1 ϩ and skewed to IFN-␥ production that we find a significant reduction in these more mature thymic iNKT cells when comparing knockout and wild-type mice. Taken together with previously published studies regarding the role of CD1 in selection of iNKT cells, our results indicate that the roles for TCR-CD1 interactions (signal 1) and B7-CD28 costimulatory interactions (signal 2) during thymic development of iNKT cells can be dissociated: CD1 is required both for positive selection (of HSA high iNKT cells) and for continued maturation of thymic iNKT cells (40, 47) , whereas B7-CD28 interactions are not required during positive selection but are necessary for efficient subsequent maturation and/or survival of these cells once selected. Interestingly, Horai et al. (48) have recently described a similar dependency on CD28 signaling for the innate-type CD8 cells that develop in Itk-deficient mice. Similar to NKT cells, these innatetype CD8 cells are selected intrathymically on hematopoietic cells and are characterized by expression of memory markers, dependency on IL-15, and rapid production of cytokines (48) .
Alhough both conventional ␣␤TCR T cells and iNKT cells develop in the thymus from immature DP thymocytes, these two populations differ in several respects. Unlike conventional ␣␤TCR T cells, iNKT cells express a highly restricted TCR repertoire, undergo a massive proliferative burst subsequent to TCR␣␤ expression in the DP stage, and acquire a memory cell-like phenotype characterized by expression of memory cell surface markers as well as the capacity to rapidly secrete cytokines rapidly following TCR stimulation (reviewed in Ref. (1)). Similar to conventional ␣␤TCR T cells that require CD28 signaling for optimal survival, proliferation, and memory cell formation, thymic iNKT cells may require CD28 to expand and survive. Among the mechanisms by which CD28 signals to promote survival is the up-regulation of the antiapoptoic molecule Bcl-X L (49) . Although the requirements for survival of thymic iNKT cells are not completely understood, evidence that Bcl-X L may have a critical role was provided by studies of B6-⌬N Tg mice in which NF-B signaling is inhibited. Interestingly, the compromised thymic iNKT cell development that characterizes these mice can be partially restored by forced expression of Bcl-X L but not Bcl-2 (10) . Based on data linking the proliferative responses of cytokine-stimulated iNKT cells to cellcycle regulated Bcl-X L , and not Bcl-2 expression, Stanic et al. (10) hypothesized that cycling (NK1.1 Ϫ ) iNKT cells may depend on Bcl-X L rather than Bcl-2 for survival. The signaling motifs within the cytoplasmic tail of the CD28 molecule responsible for the proliferative and antiapoptotic signals mediated by CD28 have been mapped (50, 51) . Whether the CD28 signaling motif known to be important for up-regulation of Bcl-X L is involved in the role of CD28 in promoting thymic iNKT cell development is currently under investigation.
In contrast to conventional T cells that are thought to be positively selected by weak TCR interactions, iNKT cells are thought to be positively selected by thymic encounter with TCR agonists. However, when developing thymic iNKT cells are exposed to supraphysiologic levels of TCR ligand in model systems where agonist Ag is presented at high concentrations or where CD1d expression is increased above physiologic levels, dramatically reduced numbers of thymic iNKT cells are found (45) . Thus, it appears that intense TCR signals may promote negative selection of thymic iNKT cells. Our findings in mice transgenic for CD28 or B7 suggest that enhanced costimulatory interactions may also result in negative selection or impaired development of the thymic iNKT cell population. In mice expressing T cell-restricted CD28 transgenes in the absence of endogenous CD28, we found that the capacity of the transgene to restore the thymic iNKT cell population was sensitive to the level of CD28 transgene expression. In mice expressing a CD28 transgene at levels comparable to those of endogenous CD28, thymic iNKT cell numbers were restored to wild-type levels, while in mice expressing a CD28 transgene at levels at least 20-fold higher than endogenous CD28, iNKT cell numbers remained similar to those of the CD28 KO. Thus, physiologic levels of CD28 support iNKT cell development while higher levels appear to impair development. We also examined mice expressing B7 transgenes. In these mice, the cell type-specific expression of the B7 transgenes differs from endogenous B7 by virtue of the promoter systems used (see Table I ) and results, in all lines examined, in appreciable levels of B7 expression on thymocytes, in contrast to the absent or minimal expression of endogenous B7 on thymocytes. When iNKT cell numbers were assessed in these B7 Tgs, all lines exhibited decreases in iNKT cell numbers relative to B7 DKO mice. This effect of B7 transgene expression was CD28 dependent, reinforcing the conclusion that excessive CD28 signaling severely impairs iNKT cell development. Interestingly, we observed dramatically impaired development of thymic iNKT cells even in the line E4 B7 Tg mice in which elevated expression of B7 levels relative to those in wild-type mice are observed only on thymocytes, not CD11c ϩ dendritic cells or CD45
Ϫ thymic stromal cells. This contrasts with the findings in CD1d Tg mice where expression on dendritic cells was important for mediating negative selection of thymic iNKT cells (45) , suggesting that distinct cell populations are involved in negative selection mediated by excess signal 1 (CD1d) vs excess signal 2.
We hypothesize that during normal iNKT cell development, nascent iNKT cells are positively selected by CD1-expressing DP thymocytes. The role of B7-CD28 interactions at this stage is likely minimal, as similar numbers of HSAhi ϩ
CD1tet
ϩ are present in wild-type and knockout animals, consistent with our inability to detect expression of endogenous B7 molecules on DP thymocytes (data not shown). Thus, we propose a model of B7-CD28 engagement in promoting iNKT cell development in which encounter of the TCR ligand CD1d occurs on DP thymocytes in the absence of CD28 costimulation, resulting in positive selection into the iNKT cell lineage, while physiologically important B7-CD28 interactions would happen later, perhaps as maturing iNKT cells move from thymic cortex to medulla and encounter B7.1 and B7.2 on thymic dendritic cells and medullary epithelial cells.
Although the importance of the CD28/B7 costimulatory pathway for activation of mature T cells is well established, the roles for CD28-B7 interactions during normal thymic development have been more difficult to define. A clear exception is the development of thymic CD4 ϩ CD25 ϩ T regulatory cells; B7 or CD28-deficient mice lack significant numbers of T regulatory cells (29, 30) . Elegant work by Tai et al. (30) has suggested that it is the capacity of CD28 signaling to induce FoxP3, the T regulatory cell "master gene", that makes it indispensable to the T regulatory cell developmental program. Although clearly important for thymic T regulatory cell development, initial findings in CD28-deficient mice provided no clear evidence of a requirement for B7-CD28 interactions in either positive or negative selection of conventional ␣␤TCR thymocytes. Negative selection of superantigen-reactive thymocytes and both positive and negative selection of class I-and class II-restricted TCR Tg mice have been reported to remain intact in the absence of CD28 (27) . At odds with these findings, however, are those that describe a reduction in deletion or death of double-positive thymocytes in response to TCR-mediated stimulus in the absence of CD28 (52, 53) and our own findings of a novel negative regulatory role for CD28 in inhibiting differentiation of CD8 SP thymocytes, probably through inhibition of thymic-positive selection (28) . More definitive conclusions regarding the role of B7-CD28 interactions in selecting the conventional ␣␤TCR compartment may await methodologies permitting more precise assessment of the ␣␤TCR repertoires that develop in the presence and absence of this costimulatory pathway.
iNKT cells from wild-type mice preferentially express V␤2, V␤7, or V␤8 together with invariant TCR␣-chain. When we examined the distribution of V␤ usage on thymic iNKT cells from B7 DKO and WT mice, we found no significant differences in the percentages of cells expressing V␤2, V␤7, or V␤8, suggesting that the absence of B7-CD28 interactions does not profoundly affect the iNKT cell V␤ repertoire. We did find, however, that V␤ usage in a B7.2 transgenic line (line T59) in which thymic iNKT cells are substantially reduced was significantly altered. In this case, V␤7 was underrepresented while V␤2 was overrepresented when comparing thymic iNKT cells from line T59 with either B7 DKO or WT mice. A similar change in iNKT cell V␤ repertoire was observed in CD1d Tg mice in which overexpression of CD1d resulted in reduced numbers of iNKT cells (45) .
Our findings with respect to the role of B7-CD28 interactions in development of thymic iNKT cells indicate that, similar to requirements for CD28 signaling in T regulatory cell development, the absence of CD28 signals result in a significantly reduced level of this specialized T cell subpopulation. The work of Chung et al., published during revision of our report, similarly identifies a decrease in thymic iNKT cell development in the absence of costimulation (54) . Additionally, our data from transgenic mice expressing elevated levels of thymic CD28 or B7 suggest that thymic iNKT cells can be deleted in the presence of high-level B7-CD28 interactions similar to what has been reported for DP thymocytes exposed to robust TCR signals in the presence of CD28 signals (52, 53) . The role of B7-CD28 interactions in promoting thymic iNKT cell development may relate to the unusual features that characterize intrathymic development of this population, including the massive expansion postpositive selection and acquisition of memory cell-like phenotype, features not shared by conventional ␣␤TCR thymocytes.
